INTRODUCTION
Obesity is a global public health problem, the prevalence of which has risen substantially among adults in the vast majority of countries such that there are currently an estimated one billion obese individuals worldwide. 1 2 In the USA, between 30-35% of adults are classified as obese (defined as having a body mass index (BMI) in excess of 30 kg/ m 2 ) with associated healthcare costs of $147 billion annually. 2 3 Obesity is widely acknowledged to be a risk factor for a wide spectrum of cardiovascular, metabolic, neoplastic and musculoskeletal disorders and is estimated to reduce life expectancy by as much as 10 years in those who are severely affected (BMI >40 kg/m 2 ). [4] [5] [6] [7] From a cardiovascular perspective, obesity is associated with numerous haemodynamic alterations, including increased cardiac output and diastolic filling pressures, which result in LV hypertrophy and dilatation. [8] [9] [10] Adverse cardiac electrical changes, such as prolongation of the QRS and QT intervals on ECG and increases in QT dispersion and late potentials on signal averaged ECG, are also more common in obese compared with lean individuals. 11 These adverse structural and electrical influences on the heart create a substrate that is susceptible to sudden cardiac death (SCD), which accounts for 300 000 deaths in the USA annually.
Data on the relationship between obesity and SCD are sparse and derived largely from community-based autopsy studies [12] [13] [14] and from a small number of cohort studies, [15] [16] [17] [18] that often had methodological limitations or issues of generalisability. 16 17 To date, the association between SCD and measures of general and abdominal obesitywhich may have a different relationship with SCD than that of BMI-has not been explored in detail in the general population. Thus, we examined the nature of the associations between different measures of obesity with SCD in a large, biracial cohort of middle-aged men and women who participated in the Atherosclerosis Risk in Communities (ARIC) study.
METHODS

Study population
The ARIC study is a multicentre prospective cohort study investigating the aetiology of atherosclerotic disease in a middle-aged, biracial population. Participants at baseline (1987) (1988) (1989) The ARIC study protocol was approved by the institutional review board of each participating centre. After obtaining written informed consent, participants underwent a baseline clinical examination in 1987-1989 and were re-examined in 1990-1992, 1993-1995, 1996-1998 and 2011-2013 . Follow up was done by annual telephone contact between study visits.
Ascertainment of exposures
The SCD risk factors examined in this analysis were ascertained at the baseline examination. Anthropometric measurements were obtained with the participant wearing light-weight, nonconstricting underwear without shoes. Weight was measured to the nearest pound (and converted to kilograms) with a mechanical balance scale (Detecto, model 437) positioned on a firm, level surface. The scale was zeroed daily and calibrated every week or whenever it was moved. Height was measured with the participant standing erect with his/her back against the vertical mounted metal centimetre ruler. BMI was calculated by dividing the weight in kilograms by the square of height in metres. Waist circumference (WC) was measured by wrapping a flexible measuring tape around the waist at the level of the umbilicus while the participant was standing and breathing quietly. Hip circumference was measured at the level of maximal protrusion of the gluteal muscles with the measuring tape kept in horizontal position. Waist-to-hip ratio (WHR) was calculated by WC divided by hip circumference. The inter-technician reliability coefficient for WC was r >0.94.
Questionnaires during study visits were administered to assess self-reported smoking status (current, former, never) and smoking amount. The definitions of other covariates can be found in the attached online supplementary file.
Assessment of study outcome
Participants were contacted annually by phone, and all hospitalisations and deaths in between ARIC baseline examination in 1987-1989 and 30 May 2001 were identified. In addition, deaths among participants were sought in state vital registries and via the National Death Index. If death occurred in the hospital, medical records related to the hospitalisation were obtained. If the death certificate indicated that death occurred out-of-hospital, next of kin interviews and physician, coroner, and autopsy information were sought. To adjudicate SCD, all cases of fatal coronary heart disease (CHD) were reviewed by a committee of physicians, in which SCD was defined as a sudden pulseless condition from a cardiac origin in a previously stable individual. After review of available data, cases were classified as definite SCD, possible SCD, not SCD, or unclassifiable. Definite and possible out-of-hospital SCD were included in this analysis.
Statistical analysis
We hypothesised that risk of SCD would be directly and independently associated with BMI, WC and WHR. BMI was categorised as <18.5, 18.5-24.9 (normal), 25-29.9, 30-34.9, and ≥35 kg/m 2 . Normal sex-specific values for WC were: <88 cm in women and <102 cm in men; and for WHR were <0.8 in women and <0.95 in men. 19 Individuals with baseline WC and WHR measurements that exceeded these values were divided into thirds of roughly equal sample size.
Continuous variables were presented as mean±SD and categorical variables as percentages. Comparison of the baseline characteristics of the SCD and non-SCD groups was performed with t test for continuous variables and χ 2 test for categorical variables. The association between measures of obesity and SCD was examined with Cox proportional hazard regression. We tested multiplicative interactions of obesity-SCD association with age, sex, race and smoking status. Due to significant interaction with each of the obesity measures (BMI, p=0.006; WC, p=0.01; WHR, p=0.004), we performed stratified analyses by smoking status (current vs non-current smokers). There was no interaction with age, sex or race. Former smokers were categorised with non-smokers due to a similar association with SCD (data not shown). A trend test was performed by assigning the median value of each category of BMI, WC and WHR to corresponding individuals and treating it as a continuous variable in the model.
In multivariable analyses, a baseline model (model 1) was used with adjustment for age, sex, race, study field centre, and highest level of education attained. A second model (model 2) was examined with inclusion of potential mediators that may explain the influence of obesity on the risk of SCD. These variables included systolic blood pressure, antihypertensive medication use, diabetes mellitus, low density lipoprotein (LDL), high density lipoprotein (HDL), triglycerides, prevalent CHD, prevalent heart failure, resting heart rate, and LV hypertrophy on ECG as defined by the Cornell criteria. If death during follow-up was due to causes other than SCD, the individual was censored at that time. We separately examined non-linear associations between measures of obesity with SCD risk using cubic splines. All analyses were performed using SAS V.9.2 (SAS Institute Inc, Cary, North Carolina, USA).
RESULTS
Baseline characteristics
Baseline characteristics of the study cohort are displayed in table 1. Mean age at enrolment was 54.2±5.8 years (55% female; 26% African American). At baseline, 26% of the participants were current smokers. Prevalent CHD and prevalent heart failure was present in 4.7% and 4% of the study cohort, respectively. Mean BMI, WC and WHR were 27.6±5.3, 96.9±13.9 and 0.93±0.08, respectively.
Incidence of SCD during follow-up
During a mean follow-up of 12.6±2.5 years there were a total of 253 out-of-hospital SCDs (mean baseline age 56.5 ±5.7 years, 33% female, 42% African American; incidence rate 1.34/1000 person-years of follow-up). Participants who died suddenly had a greater baseline BMI (28.4±5.4 kg/m 2 vs 27.6 ±5.3 kg/m 2 ; p=0.01), WC (101.0±14.1 vs 96.8±13.9 cm; p<0.0001) and WHR (0.97±0.06 vs 0.92±0.08; p<0.0001) than those without SCD (table 1) . Participants with SCD also had a greater prevalence of CHD risk factors than those without SCD.
Association between measures of obesity and SCD in non-smokers
There were continuous and positive associations between each of the measures of obesity with risk of SCD among non-smokers in models that were adjusted for age, sex, race, education level and study centre (figure 1). A 1SD increment in BMI, WC and WHR was associated with 34% (95% CI 15% to 56%; p=0.0002), 49% (28% to 74%; p<0.0001) and 100% (65% to 142%; p<0.0001) increased risk of SCD respectively. After adjusting for possible mediators, the relationships were largely attenuated for BMI and WC but to a lesser extent for WHR: a 1SD increment in BMI, WC and WHR was associated with 3% (95% CI −13% to 27%; p=0.74), 15% (−3% to 37%; p<0.11) and 59% (27% to 100%; p<0.0001) increase in risk of SCD respectively.
In the categorical analysis, individuals who were centrally or generally obese had substantially increased risk of SCD compared with their leaner counterparts (tables 2-4). In the most obese individuals (BMI >35 kg/m 2 ; WHR ≥0.95 (women), ≥1.01 (men)) the risk of SCD was between two to three times greater than those individuals within the normal range of values. Incidence rate of SCD was 1.55/1000 person-years in participants with BMI >35 kg/m 2 and 1.43/1000 person-years in those within the highest WHR category (tables 2-4).
The association between obesity and SCD among nonsmokers was largely mediated through diabetes mellitus and hypertension (see online supplementary tables S1-S3).
Association between measures of obesity and SCD in smokers
In current smokers the relationships between measures of obesity and SCD were inconsistent (figure 1). In the minimally adjusted model there was no significant association between BMI (P trend =0.25) or WC (P trend =0.53) with risk of SCD (tables 2-4). For WHR, there was evidence of a positive association with SCD (P trend =0.04). Upon adjustment for intermediary variables the relationship was no longer apparent (P trend =0.78).
Sensitivity analyses
Sensitivity analyses considering non-sudden deaths as a competing risk for SCD did not show a significant change in the HRs for the association between obesity measures and SCD (see online supplementary tables S4-S6). The association between obesity and all-cause mortality was similar to the association between obesity and SCD (data not shown).
DISCUSSION
In this large, prospective, cohort study, routine measures of obesity were significantly associated with increased risk of SCD among non-smoking, middle-aged individuals in the community. The association between each of the three measures of obesity, namely BMI, WC and WHR, with SCD were continuous, indicating that the relationship exists across the continuum of the body size spectrum. However, the impact of BMI and WC on risk of SCD appeared to be mediated through their negative effects on other traditional cardiovascular risk factors-namely hypertension, diabetes mellitus and prevalent CHD. Only for WHR was there evidence of a direct association with SCDeven after adjusting for variables on the causal pathway, individuals in the top category of WHR had double the risk of mortality from SCD compared with those in the lowest WHR group.
Although previous cohort studies such as Framingham and the Nurses' Health Study have previously reported an increased risk of SCD associated with greater age-adjusted weight, 15 general obesity, 16 and central obesity, 17 in agreement with the current study, this is the first report that has directly compared the strength and nature of the relationships between different measures of obesity with SCD in a biracial population of men and women.
Fat mass and distribution can vary considerably among individuals with a similar BMI. Thus, WHR has been used as an additional measure of body fat distribution and provides an index of both subcutaneous and intra-abdominal adipose tissue. In previous reports, abdominal obesity was suggested to be a stronger independent risk factor for myocardial infarction, stroke and premature death than BMI. 20 Although not reproduced in some other studies, 21 this concept is based largely on the rationale that visceral fat tissue is associated with a range of metabolic abnormalities such as glucose intolerance, reduced insulin sensitivity and adverse lipid profiles. Abdominal fat also has a greater influence on inflammation than fat stored in other areas of the body, which might be one of the mechanisms responsible from its association with adverse cardiovascular outcomes and SCD. Indeed, elevated white blood cell count, a general measure of inflammation, is associated with increased risk of SCD. 17 22 Recently, the inflammatory markers interleukin 6 and C reactive protein were also found to be associated with SCD in older individuals. 23 The observation that the effect of obesity on SCD was chiefly mediated through its effects on cardiovascular risk factors and CHD in our study is consistent with these potential mechanisms.
The association between obesity and SCD could also be mediated via the haemodynamic and electrical effects of obesity on the cardiovascular system. 8 24 Obese individuals have increased preload and reduced systemic vascular resistance. Collectively, these haemodynamic changes lead to higher cardiac output and cardiac work, eventually causing LV hypertrophy and dilatation. 8 Hypertension, which commonly occurs with obesity, further promotes LV hypertrophy by increasing afterload. LV hypertrophy is a risk factor for SCD. In the Framingham Heart Study, the presence of LV hypertrophy on echocardiography was associated with >3-fold increase in the risk of SCD. 25 Furthermore, regression of LV hypertrophy with antihypertensive therapy was shown to reduce the risk of SCD among hypertensive individuals. 26 Heart failure and mechanical stretch of the ventricular myocardium could be the mediators connecting the haemodynamic effects of obesity with SCD. 27 Cardiac electrical abnormalities associated with obesity include frequent and complex premature ventricular complexes, which were 30 times more frequent in obese patients with LV hypertrophy than age, sex, height and blood pressure matched lean subjects. 28 Obesity has also been associated with a modest prolongation of corrected QT interval on ECG.
11 Prolongation of the QT interval-a measure of myocardial repolarisation- Figure 1 Cubic spline model for risk of sudden cardiac death (SCD) in relation to body mass index (BMI) (A), waist circumference (B) and waist hip ratio (C), stratified by smoking status and adjusted for age, sex and race, field centre and education level. Model 1+ adjustment for SBP, antihypertensive medication use, diabetes, LDLc, HDLc, triglycerides, prevalent CHD, prevalent heart failure, resting heart rate on ECG and LVH at baseline ECG.ARIC, Atherosclerosis Risk in Communities; BMI, body mass index; CHD, coronary heart disease; HDLc, high density lipoprotein cholesterol; LDLc, low density lipoprotein cholesterol; LVH, LV hypertrophy; SBP, systolic blood pressure; SCD, sudden cardiac death.
has been associated with mortality and SCD. 29 Furthermore, the prevalence and number of abnormal late potentials, measured by signal-averaged ECG, were increased with obesity. 12 Finally, obesity has been associated with autonomic imbalance, demonstrated by reduced heart rate variability and increased risk of SCD. 12 These potential mechanisms support the hypothesis that factors other than prevalent CHD could be mediating the relationship between obesity and SCD. Indeed, a recent large autopsy series showed that obesity-related cardiomyopathy was the biggest cause of non-ischaemic SCD in Finland. 13 The lack of an association between BMI and WC with risk of SCD among current smokers may be a chance finding due to the relatively small number of SCD cases among current smokers in the ARIC population (only two SCD events among current smokers with BMI >35). It may also reflect what has been termed the 'obesity paradox', whereby an inverse association between obesity and mortality in diseases such as heart failure and CHD is driven by unintentional weight loss in patients with severe comorbidities. 9 24 Alternatively, being overweight or mildly obese might allow patients with existing comorbidities to weather acute illnesses. 9 24 
Strengths and limitations
The most notable strength of this investigation is its large, prospective and community-based source population of men and women who were subjected to systematic examination and follow-up. Thus the predictor variables were carefully measured, and the outcome variable was adjudicated by a committee using standardised criteria. Limitations include the age distribution of the study cohort. By design the ARIC study included middle-aged adults. Thus, these findings should also be examined in cohorts of older adults. Second, our analysis only included the obesity measurements that were made at the baseline visit. We did not examine the influence of the changes in body habitus during follow-up. Third, except for the participants in Jackson, Mississippi, echocardiograms were not routinely obtained in the ARIC study. Thus, LVEF, which is the mainstay of current SCD risk stratification, could not be considered in our analysis. This study does not identify the mechanism of the association between obesity and SCD and whether it is mediated by CHD. Although our analyses were adjusted for prevalent CHD, presence of subclinical CHD cannot be excluded. Further, the association between measures of obesity and SCD attenuated significantly when adjusted for potential cardiovascular mediators. Future studies to examine this issue are warranted.
CONCLUSIONS
This analysis extends our current knowledge regarding the hazards of excess bodyweight on risk of SCD. Among nonsmoking middle-aged adults living in the community, general obesity, measured by BMI, was indirectly associated with SCD through its adverse effects on blood pressure, lipids, diabetes mellitus and CHD. In comparison, abdominal obesity, measured by WHR, appears to be directly associated with increased risk of SCD by mechanisms that remain to be elucidated.
Key messages
What is already known on this subject? Obesity has wide-ranging haemodynamic, arrhythmic and structural influences on the cardiovascular system and is acknowledged to be a risk factor for cardiovascular, metabolic and other disorders affecting the heart such as coronary heart disease, hypertension, diabetes mellitus and obstructive sleep apnoea. There is suggestive evidence that obesity characterised as age-adjusted weight, body mass index (BMI) and waist circumference (WC) is associated with sudden cardiac death (SCD). However, detailed analysis comparing the general and abdominal measures of obesity with SCD is lacking. Further, whether the association between obesity and SCD is mediated by the aforementioned cardiovascular and metabolic disorders or is independent of them is unknown.
What might this study add? Our study, performed in a large, biracial, community-based cohort, shows that obesity, measured as BMI, WC and waist to hip ratio (WHR), is associated with SCD in non-smokers but not in smokers. Of the three obesity measures, WHR had the strongest association with SCD. As opposed to BMI and WC, the association between WHR and SCD was independent of coronary heart disease, diabetes mellitus, hypertension and other potential confounders.
How might this impact on clinical practice?
The association between obesity and SCD in the general population strengthens the evidence on the adverse cardiovascular effects of obesity. These data might allow clinicians, patients and policymakers to take a more aggressive approach against obesity. Our findings might also result in more widespread measurement of WHR as a stronger risk factor of SCD than BMI.
